ABSTRACT n-Type Si has been shown to serve as a stable photoanode in a cell for the conversion of light to electricity. The other components of the cell are a Pt cathode and an electrolyte consisting of an ethanol solution of the electrolyte. A Si-based cell is of note for several reasons: (i) Si is one of the most widely studied and best understood semiconductors with a wealth of supporting technology behind it, (ii) Si is the second most abundant element on earth, and (iii) the small band gap of Si affords the possibility of utilizing a large fraction of the solar spectrum. Unfortunately, the 1
cel show that ferrocene is oxidized to ferricenium with 100 i 2% current efficiency at the Si photoanode. Furthermore, prolonged irradiation of the Si in a one-compartment cell yields constant photocurrent and output characteristics. The maximum open-circuit photopotential is -700 mV, and the short-circuit quantum yield for electron flow at low light intensity exceeds 0.5. Conversion of monochromatic 632.8-nm light to electricity with -2% power efficiency at an output voltage of -200 mV has been sustained. These results represent a stable n-type Sibased photoelectrochemical cell.
Conversion of light to electricity with devices called photoelectrochemical cells has been an area of considerable activity in the last 2 years (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) . Except for one cell that uses a p-type CdTe photocathode (12) , the key element of such cells is an n-type semiconducting photoanode. The recent developments with nonoxide, n-type semiconductor-based cells have hinged on the ability to find mechanisms for completely eliminating deleterious photoanodic decomposition reactions of the semiconductor itself.
All n-type materials examined so far seem to be energetically capable of undergoing photoanodic dissolution (ref. 17 ; A. J.
Bard and M. S. Wrighton, unpublished data), and therefore any photoinduced interfacial electron transfer processes will be in competition with such decomposition chemistry. Beginning with the stimulating claims of Fujishima and Honda (18) , H20 itself has been shown to be oxidized with 100% current efficiency at certain n-type semiconducting metal oxide electrodes including TiO2 (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) , SnO2 (29) , SrTiO3 (30) (31) (32) , KTaO3 (33), BaTiO3 (34), Fe2O3 (35) , and W03 (9, 36) . Other stable oxides will likely be found, but there appear to be no nonoxide n-type semiconductors that can serve as a stable photoanode for H20 oxidation. With respect to efficient solar photoelectrolysis of H20, all of the oxides that are stable suffer from too large a band gap or an indirect band gap or have an inappropriate disposition (37) of the band edges compared to the 02 and H2 evolution potentials from H20. Nonoxide n-type semiconductors have been used for conversion of light to electricity. Stabilization in aqueous media has been achieved by use of electrolyte additives that completely suppress the photoanodic dissolution by competitive interfacial electron transfer. Materials such as CdX (X = S, Se, Te), GaP, GaAs, and InP have been stabilized in aqueous solutions of X2-/Xn2-ions (1-8, 11, 13-15) (45) hv 2H20 + Si >. SiO2 + 4e-+ 4H+ [1] but Laser and Bard (42) have shown that N,N,N',N'-tetramethyl-p-phenylenediamine (TMPD) can be oxidized to TMPD+ at an irradiated n-type Si photoanode in CH3CN electrolyte. There is a report by Jayadevaiah (46) on the use of n-type Si in a 0.025 M Na2HPO4.7H20 electrolyte. In this medium, reaction 1 occurs and the flow of photoanodic current cannot be sustained because of the buildup of the insulating SiO2 layer. EXPERIMENTAL Materials. n-Type Si single crystals were obtained at several doping levels from General Diode Corporation (Framingham, MA). Fe(Cp)2, absolute ethanol, and [n-Bu4N]C104 were used as received from commercial sources. Fe(Cp)2+ as the PF6-salt was prepared as described (47) .
Electrodes and Cell Configuration. n-Type Si photoelectrodes were fashioned as described (1) (2) (3) (4) (5) . Contact was made to the Si by rubbing a Ga-In eutectic on the back side. A Cu wire was attached to the back with conducting Ag epoxy and was encased in a glass rod, and all metallic exposed surfaces were insulated with epoxy such that only the 111 face of the Si was exposed to electrolyte. Si electrodes were etched for 10 sec in concentrated HF at 298 K immediately prior to use. The resistivity of the Si used was 0.005-15 Q cm, the samples were 0.2 mm thick, and the area of Si exposed to electrolyte was about 0.1-1 cm2. In all experiments, the counterelectrode (cathode) was Pt gauze (about 1 X 3 cm), and it was positioned as close as possible to the Si photoanode in one-compartment cells. The reference electrode in all cases was a SCE placed in contact with the electrolyte by using an agar/NaClO4 salt bridge. The SCE contact was as close as possible to the Si photoanode. The Fig. 2 , we estimate that the short-circuit current drops by saturation of the photoeffect at high light intensity in that there was a large decline in the short-circuit value of the quantum yield for electron flow, 4e. For all of the curves shown in Fig.  3 , the Pt-cathode potential was constant at +0.40 V versus SCE, demonstrating that the cathode was not polarized at any current density used. The shape of the current-voltage curves at high light intensity and the associated low values of be were not ideal and will be discussed below.
Interface Energetics. The positions of the semiconductor band edges relative to the position of the Fe(Cp)2+/Fe(Cp)2 potential are crucial to an understanding of the interfacial electrochemistry (16) . Denoting the valence band edge by EVB, the conduction band edge by ECB, the band gap by EBG, the potential of the Fe(Cp)2+/Fe(Cp)2 couple by Eredox, and the semiconductor Fermi level by Ef, we have determined the interfacial situation in the dark to be approximately as shown in Fig. 4 . The difference between Eredox and ECB represents the maximum realizable open-circuit photopotential between the Si and a counterelectrode poised at Eredox. Consequently, to determine the energetics of the interface, we have measured the open-circuit potential between n-type Si and Pt against light intensity (Fig. 5) . Whereas the plot did not really level off at the highest light intensity, the highest photopotential appeared to exceed 700 mV. Consequently, the position of ECB was at least 700 mV more negative than Eredox. Such a procedure for determining the ECB position has proven to give results in 0.7 . [3] without any net chemical changes in the electrolyte. Experimentally, we found that a Fe(Cp)2+/Fe(Cp)2 electrolyte maintained a constant composition during prolonged photoelectrochemical action. This was determined by periodically measuring the visible spectrum of the electrolyte during a time interval in which the number of electrons passed in the external circuit was roughly the same as the number of electroactive molecules in the solution.
Current-voltage curves like those shown in Fig. 3 allow the evaluation of the optical-to-electrical energy conversion efficiency, and some representative data are included in Table 2 .
First, the maximum open-circuit photopotential at high intensity was >700 mV (Fig. 5) , but the maximum value of the short-circuit b'e was -0.5 at low light intensity ( Table 2 ). The output potential at the maximum output power was 150-300 mV, depending on light intensity. Efficiencies for conversion of 632.8-nm light to electricity were 2% at 10 mW/cm2.
Without actual measurements, we cannot determine accurately the solar conversion efficiency but we estimate that it will be of the order of 1%, taking into account the larger intensity and the broad spectral distribution of sunlight. The absorption of Fe(Cp)2 [/max = 450 nm (e = 90 liters-mol' cm-')] and Fe(Cp)2+ [/max = 618 nm (e = 450 liters-mol' cm-') (48) will not be too significant in small path lengths. The conversion efficiencies are about an order of magnitude lower than those of the best photoelectrochemical cells.
The real interest now in the Si-based device described here is the mechanism of the interfacial electron transfer. In particular, with respect to energy conversion, we would like to offer a tentative rationale for the poor current-voltage curves and low values of (be at high intensity. First, we note that dark cathodic currents occur on n-type Si and the onset is very close to the value of Eredox. Generally, we would not expect cathodic current to flow until the potential is more negative than ECB, Chemistry: Legg et al.
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Proc. Nati. Acad. Sci. USA 74 (1977) owing to the barrier to electron transfer (cathodic) at potentials more positive than ECB (Fig. 4) . The cathodic current flow that does occur seems to demand modification of the ideal model given in Fig. 4 . Specifically, we adopt the notion that there are intermediate electronic levels between EVB and ECB in the Si that are near or at the surface and that these levels mediate the electron transfer (ref. 38 ; P. A. Kohl and A. J. Bard, unpublished data). This interpretation further accounts for the fact that at high light intensities we find poor fill factors and low 4?e values. The number of intermediate levels may simply be too small to accommodate the number of electron transfer events per unit time associated with the higher light intensities. The currentvoltage curves definitely do not show saturation as a consequence of a mass transport-limited situation, because we have looked at the current-voltage properties at 0.01 M Fe(Cp)2 compared to 0.10 M Fe(Cp)2 for the same light intensities. The 0.10 M Fe(Cp)2 solution characteristics are nearly the same as the 0.01 M Fe(Cp)2 solution characteristics and each shows the typical saturation of photoeffects. Thus, we must conclude that the light saturation effects on n-type Si are due to poor electrode kinetics.
The interesting kinetic phenomenon is that Fe(Cp)2 has the ability to capture photogenerated holes at rates that preclude the detrimental photoanodic reactions of the Si. Indeed, when it is realized that very small amounts of surface SiO2 block photoanodic current flow, the sustained output parameters are remarkable. We have been able to sustain the conversion of 632.8-nm light (-10 mW/cm2) to electricity with -2% efficiency at 200-mV output with no observable changes for several days. And at present, there is no reason to believe that the energy conversion could not be sustained much longer.
